A precision bipolar voltage-to-frequency converter, which is computer-programmable from a digital interface, has been produced at Lawrence Berkeley Laboratory. Utilizing NIM packaging, the 1 MHz V/f has sixteen ranges and may be operated from panel controls as well as remotely programmed. Intended for use in magnetic measurements, good performance and versatility suggest wider application. The instrument is described and the circuit design is discussed in detail. Tests of the first unit are discussed and instrument specifications are given.
Introduction
A new magnet testing system in use at the Lawrence Berkeley Laboratory Magnetic Measurements Group performs digital integration over time on a low-level, slowly-varying analog voltage. An essential part of this system is a precision bipolar V/f converter. This bipolar V/f converter, which has "up" and "down" outputs, must have a maximum input sensitivity of 1 mV full-scale for 1 MHz output. Development of this unit was carried out at LBL. The result of this work is a new instrument with improved specifications which has broad applications in the acquisition and processing of low-level bipolar analog signals.
A most important feature of the instrument is full remote computer programming of all controls. The unit is packaged in a NIM module as shown in all require an external preamplifier.
All indicators are LED's. Pushbuttons are provided for range, local/remote range selection, input shorting, over-range flag reset, and output polarity reversing. A full set of trim adjustments are provided. Remote control and monitoring from CAMAC or other sources is accomplished through a multipin connector. Logic inputs are fully optically isolated, and logic outputs are from differential line drivers.
In this paper, the analog circuit design of the instrument will be discussed. A simple circuit architecture is described which achieves the required precision by eliminating polarity ambiguity and mini mizing the number of sources of error. Performance of the instrument is summarized.
Design Objectives
The V/f instrument accepts bipolar analog inputs and generates separate up and down TTL outputs. Outputs are mutually exclusive and are determined by input polarity. As shown in Fig. 2 The problem of the design of a very accurate and sensitive bipolar V/f converter has proven to be slightly tricky to designers in the past. The requirements of up/down outputs, microvolt resolution, and low drift, when taken together, can lead to surprisingly complex and often unsatisfactory circuits having such problems as directional ambiguity and differing positive and negative scale factors. More than one engineer, for instance, has resorted to the use of dual unipolar V/f modules, with all the attendant calibration problems, to achieve results. Most often, however, a bipolar V/f design takes the basic approach shown in Fig. 3 .
The arrangement of Fig. 3 appears to be straightforward, and has the advantage of using a single unipolar V/f module. These modules have been developed to a high level of performance and are available from many vendors. The difficulty which arises with this circuit in practice is that of multiple sources of error. There are at least four differential amplifiers before the V/f module in most practical realizations of this circuit, each contributing error and drift. Also, the problem of designing a V-in, V-out absolute value amplifier having .01% accuracy, as required here, is not trivial. Because of the problems inherent in a literal realization of the block diagram of Fig. 3 , simplification of the circuit design was sought.
The circuit of Fig. 4 is a realization which combines the input amplifier, absolute value amplifier, and comparator in a way which reduces error and minimizes parts. 
Because the output current i1 flows through the load resistor R1, the voltage gain of the first stage is seen to be:
The second stage, a precision "current mirror," can also be analyzed as a transconductance amplifier with a resistor output load. A3 and its associated P channel J-Fet Q3 establish, by feedback action, a voltage across the second stage gain setting resistor RG2 equal to the input voltage developed across R1. Because all the resulting current through RG2 flows into the V/f module input (i2 = i3), with input resistance R2, the gain of the second stage can be written as
and the overall gain is (4)
Note that the AD460 (or DM8417) V/f module is current driven at its voltage input. This both eliminates one stage in the overall design and provides a convenient test point, TP1.
In the practical circuit, the overall gain of the bipolar V/f front end consisting of A1, A2, A3, etc., is easily adjusted over a range of 10 :1 by switching different values of RG1 and RG2. RG1 values are switched in decades, and RG2 values are used to establish the Xl, X2, X5 sequence. Because both the positive and negative gains of the input absolute value amplifier are set with the same resistor, these gains will be nearly identical. which were a factor of two to five times more consistent. Significantly, the peak level of input signal in these tests was under 200 microvolts. Table I is a list of specifications for the Precision Bipolar V/f Converter. All units will meet or exceed these specifications.
As expected, the tests showed that determining factors of instrument performance were the specifications of the input amplifiers and of the V/f module. The use of the Intersil 7650 involves a small compromise because of its input noise specification (2 .V at 10 Hz B.W.). The V/f modules performed within specifications. To obtain good performance on the lower ranges and meet the design goal of resolving input signals below 5 microvolts, special relays designed for low thermoelectric potentials were used for gain switching. The relays chosen were COTO No. 3402-5-51 (Coto Coil, Providence, RI). These relays have thermoelectric potentials below one microvolt.
Concl usions
The general purpose bipolar V/f converter described here is a high resolution instrument packaged in a NIM module. It is externally computerprogrammable from a CAMAC interface as well as having a full set of panel controls. Good sensitivity and resolution are achieved by a high-performance, costeffective design which utilizes a standard unipolar V/f module and which minimizes complexity and sources of error. The module should be of use in applications requiring the digitizing of signals having bandwidths not exceeding of 500 Hz, and particularly where the time integral of the input variable is of interest. Because of the wide possible applicability of this instrument, the packaging is designed to facilitate moderate quantity production, if required. The general purpose precision bipolar V/f converter described was built and tested under both laboratory and field conditions. Tested in the laboratory under temperature cycling, it was found that the performance objectives were substantially satisfied*. In the field, used in a computercontrolled quadrupole magnet testing application, the new V/f instrument produced results which were substantially identical to those obtained from a previously used standard instrument (VIDAR), and *Results of these tests are discussed in Ref. 1. 
